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The reductive leaching of nickel laterite has attracted the interest of many 
researchers due to the enhanced kinetics of nickel and cobalt dissolution in the 
presence of acids and reducing agents during atmospheric, pressure, heap or bio 
leaching processes. Systematic studies on synthetic oxides and natural ores can shed 
light on the reaction mechanism and lead to investigations of beneficial reagents for 
further studies. This paper briefly reviews the literature and describes a comparative 
study of metal leaching from synthetic goethite spiked with nickel or cobalt and a 
limonitic laterite ore to rationalise the role of reducing agents in acid media. Results 
are discussed on the basis of the effect of speciation, surface chemical reactivity of 
oxides and heterogeneous kinetic models.  
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 FeOOH leaching kinetics are controlled by a surface reaction 
mechanism via H+ adsorption.  
 Fe/Ni leaching from laterite obeys shrinking core model due to H+ 
diffusion through a porous layer. 
 SO2, Na2S2O4, SO2/Cu(II), Fe, FeSO4, and FeCl2 enhance metal 
leaching from laterite. 
 Linear correlations between % metal extractions show co-existence of 
Fe-Ni and Co-Mn. 


















Laterite ores are oxides of complex mineralogy and contain nickel and cobalt 
of low grades (Tables 1-2). Numerous reviews and research activities have focussed 
on various beneficiation methods to upgrade the nickel content of ores, as well as the 
advantages and disadvantages. Economic evaluation of different commercial, piloted, 
or bench scale alternative processing routes, depending upon the location and 
mineralogy of ore, and availability of technology has also been conducted.  These 
include smelting, reduction roasting to ferronickel and ammonia leaching (Caron 
process), high pressure acid leaching, strong brine leaching, atmospheric leaching, 
heap leaching and microbial leaching with fungi or bacteria (Kyle, 1996; Whittington 
and Muir, 2000; Curlook, 2004; Muir and Johnson, 2006; McDonald and Whittington, 
2008a,b; Xavier and Ciminelli, 2008; Steyl et al., 2008; Simate et al., 2010; Hallberg 
et al., 2011; Norgate and Jahanshahi, 2011). The recovery of a mixed sulphide or 
hydroxide precipitate (MSP or MHP) of Ni(II) and Co(II) from leach liquors of a 
widened ore type and grade, which can be sold to existing refineries, is the  preferred 
option when metal production on the minesite is not intended (Curlook, 2004; White 
et al., 2006; Steyl et al., 2008; Kose and Topkaya, 2011). The purpose of new 
research is to develop processing routes/plants of lower maintenance which require 
less energy and reagent inputs, and that are more cost effective to construct and 
operate under environmentally safe conditions (Whittington and Muir, 2000; 
Moskalyc and Alfantazi, 2002; Harris and Magee 2003, Curlook 2004, Liu et al., 
2004 ; Lee et al., 2005; Le et al., 2006; Tang and Valix, 2006; Xavier and Ciminelli, 
2008; Steyl et al., 2008; McDonald and Whittington, 2008a,b; Li et al., 2009; Liu et 
al., 2009; Luo et al., 2009, 2010; Simate et al., 2010; Norgate and Jahanshahi, 2011).  
Non-selective acid leaching at ambient temperature requires long treatment 















magnesium and aluminium which causes difficulties in subsequent unit operations for 
separation and recovery of metals (Canterford, 1978; Liu et al., 2009). The pressure 
acid leaching (PAL) process, using conditions described in Table 3, enables high 
dissolutions of nickel and cobalt at a faster rate, whilst simultaneously precipitating 
significant proportions of solubilised iron as highly stable Fe2O3 residue and 
recovering acid according to reactions 1-9 in Table 4 (Kyle 1996, Gergeou and 
Papangelakis, 1998; Whittington and Muir, 2000; Curlook 2004, Whittington and 
Johnson 2005). The addition of elemental sulphur, FeSO4 or Cu2O  show beneficial 
effects on nickel and cobalt extraction during pressure acid leaching of a limonitic 
laterite ore indicating the reductive role of these reagents (Kaya and Topkaya, 2011). 
Atmospheric leaching with or without reductants or combined pressure/atmospheric 
acid leaching flowsheets also offer fast leaching kinetics and the option of 
precipitating iron in different forms such as hematitie, goethite or jarosite (Liu et al., 
2004; Harris and Magee, 2003; Harris et al., 2006; Steyl et al., 2008; Chang et al., 
2010).  
Leaching rates are generally controlled by a surface chemical reaction, mass 
transfer, or pore diffusion of reactants or products. A proper understanding of the 
reactions of dissolution and precipitation of metal values during laterite leaching in 
the absence or presence of reducing agents is essential for developing new leaching 
and separation strategies for ores which involve economically viable and 
environmentally safe reagents/residues.  Studies on individual metal oxides play a 
vital role in rationalising the leaching behaviour of laterite ores containing mixed 
oxides-silicates-aluminates. The aims of this paper are to: 
(i) briefly review the current status and previous studies on acidic 
















(ii) present a comparative study of leaching metals from synthetic 
FeOOH, NiFeOOH, CoFeOOH and a limonitic laterite ore,  
(iii) rationalise the role of acids, anions and reducing agents on the basis 
of the effect of speciation, chemical reactivity of oxide systems, and 
heterogeneous kinetic models.  
 
2. Current status 
2.1 Pre-treatment and iron removal 
The removal of coarse silica and spinels by screening is an economical option 
for beneficiating laterite ores. This allows up to 60-70% mass rejection, provided the 
coarse fraction contains little nickel (Muir and Johnson, 2006; White et al., 2006). 
Pre-treatment leads to the separation of nickel from gangue or the retardation of iron 
leaching (Li et al., 2009; Guo et al., 2011; Harris et al., 2011). For example, selective 
sulphidation of iron-rich limonitic ore by roasting with sulphur extracts up to 80% Ni  
from ore and produces a nickel-iron sulphide, thus allowing physical separation from 
the gangue minerals (Harris et al., 2011). Limonitic laterite ores undergo complete 
dehydroxilation (removal of crystalline water) during pre-roasting at temperatures 
around 900oC, producing NiO, NiFe2O4 and Fe2O3; and retard iron leaching, while the 
increased surface area and porosity facilitate acid leaching of nickel (Li et al., 2009; 
Harris et al., 2011).  The destruction of limonitic laterite mineral lattice by alkali-
roasting with Na2CO3 at 1000oC allows water leaching of 99% Cr and 80% Al from 
the roasted calcine. Subsequent pressure acid leaching under more mild conditions 
extracts 97.5% Ni and 95.3% Co (Guo et al., 2011).  
  The leaching methods can be adjusted to choose the nature of the discarded 
iron residue. The use of saline process liquors and mixing of discharge streams from 















leaching of saprolytic ore (with H2SO4 at 95oC) is a novelty in the Ravensthorpe 
plant. This leads to continued nickel and cobalt leaching under atmospheric conditions 
at 95oC and iron precipitation as sodium/potassium jarosite according to reactions 10-
12 (White et al., 2006).  Likewise, the first stage atmospheric leaching of limonitic ore 
(with H2SO4 at 95-105oC) according to reaction 6, followed by  the addition of pre-
heated saprolyte slurry and goethite seed for second stage leaching, combined with 
neutralisation with limestone, leads to the precipitation of goethite according to 
reactions 13-14. The disposal of stable goethite/gypsum by this route is safer and 
more advantageous compared to acid releasing jarosite tailings (Liu et al., 2004). 
Strong chloride (brine) leaching under atmospheric pressure at temperatures close to 
the boiling point of the solution (>95oC) produces hematite that is more readily 
filtered and environmentally stable  (reactions 15-16) with high iron content, high 
density and low amounts of other base metals (Harris and Magee, 2003; Harris et al., 
2006; Steyl et al., 2008).    
 
2.2 Requirement for different acid strengths  
 
Rates and products of leaching depend upon mineralogy and leach conditions. 
The sulphuric acid leachability of metal values associated with different iron minerals 
listed in Table 2 follows the order: lizardite  > goethite > maghemite > magnetite ≈ 
hematite > chromite ≈ ringwoodite. Thus, the required H2SO4 concentration and 
temperature varies from 0.5 mol dm-3 at 60oC (lizardite) to 2.5 mol dm-3  at 80oC 
(goethite) and >6.2 mol dm-3  at 105oC (hematite), whilst ringwoodite and chromite 
cannot be dissolved (Liu et al., 2009). The association of nickel and cobalt with 
highvalent oxides also plays a key role during leaching.  The presence of minerals 
such as  nickeliferrous limonite, garnierite, serpentine, nontronite or smectite, listed in 















indicate the possibility of co-dissolution of Fe-Ni and Ni-Mg in acid media. Thus, 
strong acid leaching with 60% H2SO4 at 95oC for 4 h extracts 100% Ni and 90% Fe 
from a limonitic ore containing 50% Fe2O3, 32.5% SiO2, 2.52% Al2O3 (Girgin et al., 
2011). Nickel dissolution from some ores is rapid and/or requires mild conditions. For 
example, 96-97% Ni and Co can be leached from a saprolitic fraction of a nickel 
laterite deposit by H2SO4 at 89oC after 1 h (Curlook, 2004). Likewise, 85-91% Ni can 
be leached by 10% H2SO4 (v/v) at 90oC and a solid/liquid (S/L) ratio of 1/3 after 5-12 
min from a saprolitic laterite ore containig nickel-substituted lizardite (Luo et al., 
2009, 2010). Prolonged leaching decreases nickel extraction due to re-adsorption by 
re-precipitated amorphous silica (Luo et al., 2009; Gupta and Bhattacharyya, 2006).   
If nickel is substituted in the crystal structure of goethite, serpentine, smectite 
or asbolane, the leaching by H2SO4 is slow and takes 24 h at 95oC to extract 96% Ni 
and 63% Co from limonite and 93% Ni and 75% Co from nontronite (Buyukakinci 
and Topkaya, 2009). Almost all of the cobalt present in a nickel laterite ore 
predominantly occurs in highvalent manganese oxide minerals, namely asbolane and 
lithiophorite, listed in Table 2 (Rubisov and Papangelakis, 2000; Whittington and 
Muir, 2000; Buyukakinci and Topkaya, 2009).  In such situations, a reductive agent 
such as lithium sulphite is required to release cobalt ions according to reaction 17 (Liu 
et al., 2004).  
 
2.2 Reducing agents: advantages and problems  
 
Inorganic reagents such as SO2, S2O32-, S2O42-, Fe(II) and Cr(III), listed in 
Table 5,  directly reduce high-valent oxides of iron, nickel, cobalt and manganese to 
facilitate the leaching of laterites in acidic media (Table 4). Reductive bio-processing 
of limonitic laterite involves two stages (Hallberg et al., 2011): (i) aeration of cultures 















bioreactors to promote growth of the bacteria on sulphur, and (ii) addition of nickel 
laterite under anaerobic conditions to promote reductive leaching. The accelerated 
reduction of iron minerals from laterite under anaerobic conditions leaches 70% Ni 
within 14 days, compared to only 10% Ni leached under non-reductive conditions 
with continued aeration (Hallberg et al., 2011). Biologically produced intermediate 
species of oxidised sulphur can act as reducing agents for Fe and Mn oxides (Kumari 
and Natarajan, 2001), as demonstrated by the reactions listed in Table 4. Various 
organic reagents listed in Table 5 have also been tested. These include citric, oxalic, 
malic and lactic acid which are fungi metabolites, and glycerol which is a by-product 
of bio-diesel industry. These reagents provide a weak acid medium as well as 
reducing and/or chelating anions for metal oxides/ions (Tang and Valix, 2006; Simate 
et al., 2010; Hallberg et al., 2011). 
The use of SO2 in laterite leaching offers a range of benefits:  
(i) SO2 directly reduces highvalent Fe, Mn and Co oxides and produces 
Fe(II) which acts as a redox mediator to leach Mn and Co 
(Senanayake and Das, 2004, Ferron, 2006, 2008; Ferron and Henry, 
2008), 
(ii) although the build-up of Fe(II) in liquor during reductive leaching 
with SO2 is deleterious, SO2/O2 can catalyse the oxidative 
precipitation of Fe(II) and Mn(II) from leach liquors (Zhang et al., 
2000, 2002; Schulze-Messing et al., 2007), 
(iii) Fe(III) leached from limonite ore in strong brines enhances the rate 
of gas/liquid mass transfer of SO2 by oxidising it to H2SO4 (Steyl et 
al., 2008), 
(iv) direct adsorption of SO2 into a mixed brine system produces an 















similar to PAL, and has the potential for lowering: (a) capital 
expenditure by employing a small acid plant, and (b) operational 
expenditure by using the thermal decomposition of precipitated 
magnesium sulphate to produce SO2 for recycling (Steyl et al., 
2008). 
(v) SO2 produces Cu(I) from Cu(II), which in turn facilitate reductive 
leaching of magnetite and  limonitic/smectitic nickel laterite ores 
(Byerley et al., 1979; Das et al., 1997, Das and de Lange, 2011), 
(vi) dithionite (S2O42-) generated from SO2 at a cathode is also a 
reductant in the electrochemical leaching of saprolitic/limonitic 
nickel laterite ores (Lee et al., 2005).   
Despite these benefits, there are disadvantages or detrimental issues associated 
with the use of SO2 as a reductive leachent. The SO2 gas emission causes health and 
environmental issues of concern, especially in a heap or vat leach operation. 
Moreover, the SO2 concentration in a leach tank is influenced by gas composition, 
agitator performance and  gas mass transfer efficiency; which necessiates careful 
consideration of reactor depth in design systems for pulps (Ferron and Henry, 2008; 
Goel et al., 2010). The use of sulphite (Chi et al., 2002) or metabisulphite  salts 
(Na2SO3 or Na2S2O5) at pH>2 can prevent the formation/release of SO2 and 
overcome/minimise some disadvantages and mass transfer issues. However, the build-
up of counter ion (Na+) beyond control can cause other problems, while the possibility 
of chemical (by SO2) or electrochemical regeneration of the redox mediator Fe(II) 
from Fe(III)  is advantageous in continuous operations such as heap or vat leaching 
(Ferron and Henry, 2008).  
 
















Kinetic studies based on the dissolution of metals from flat oxide surfaces in 
the form of rotating discs or electrodes of constant surface area, or particle leaching in 
batch reactors according to the reaction A(aq) + bB(s) → products, have been 
interpreted by previous researchers using the established mathematical expressions in 
Eqs. 1-7. Reaction rate (RM) and order (n) with respect to the concentration of 
different reagents (Y) are given by Eqs. 1-2, where [M] and XM are the concentration 
or fraction of dissolved metal after time t and kap is the apparent rate constant. 
Reaction orders and heterogeneous rate constants can be related to various reaction 
models that involve surface adsorption and/or electrochemical reactions with acids, 
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The determination of activation energy (Ea) based on the effect of temperature 
on rates or rate constants in conjunction with the Arrhenius equation reveals the 
chemical controlled (high Ea) or diffusion controlled (low Ea) nature of the leaching 



















































reaction (Levenspiel, 1972). Results from rotating disc studies are interpreted on the 
basis of Eq. 3 (Levich, 1962), where J = flux (mol cm-2 s-1), ω = rotation speed of the 
disc (s-1), D = diffusivity (cm2 s-1) of the species through fluid (film) and υ = 
kinematic viscosity of fluid (cm2 s-1). A chemically controlled surface reaction is 
independent of the rotation speed. For example, the reductive leaching rate of Mn(II) 
from a rotating MnO2 disc by Fe(II) increases linearly with the increase in ω1/2 
indicating a fast surface reaction controlled by the rate of diffusion of Fe(II) to the 
reactive surface, supported by a low activation energy (Majima et al., 1981). In 
contrast, the reductive leaching of iron from Fe3O4 in HCl/NaCuCl2 from a rotating 
disc is independent of the rotation speed, indicating a slow surface chemical reaction 
(Lu and Muir, 1986).  
The heterogeneous kinetic models for the interpretation of the fraction of 
metal leached from suspended particles after time t are given by Eqs. 4-6, where ki = 
intrinsic rate constant of the surface reaction (cm s-1), b = stoichiometric factor, c = 
concentration of Y (mol cm-3), ρ = molar density (mol cm-3) of the dissolving metal in 
the particle, r (cm) = particle radius, D = diffusivity (cm2 s-1) of the species through a 
product layer and ε = particle porosity (Levenspiel, 1972; Gergeou and Papangelakis, 
1998). A shrinking sphere model assumes that a surface reaction is the rate controlling 
step while a shrinking core model assumes that the diffusion of a reactive species or 
product through a porous solid layer of increasing thickness is the rate controlling 
step. However, if the reacting species is present in more than one chemical form, this 
may lead to more than one rate controlling step depending on the particle size. For 
example, the rate of nickel leaching from NiO (fast, Ea = 57 kJ mol-1) in fine particles 
of NiO.Al2O3 catalyst is controlled by the slow diffusion of species through the fluid 
film. In contrast, the rate of nickel leaching from NiAl2O4 (slow, Ea = 65 kJ mol-1) 















controlled by a surface chemical reaction. These findings are based on the analysis of 
rate data according to the combined rate expression in Eq. 7 which considers three 
rate controlling steps (Nazemi et al., 2011), instead of Eq. 5 (Abdel-Aal and Rashad, 
2004) or Eq. 6 (Mulak et al., 2005). 
 
3. Experimental 
Three synthetic goethite samples were prepared by the precipitation of a 
hydroxide gel from a solution containing Fe(NO3)3.9H2O  using the published 
procedure (Kumar et al., 1993).  The solution taken for preparation of Co or Ni co-
precipitated goethite contained either Co(NO3)2.6H2O or Ni(NO3)2.6H2O at a molar 
Co:Fe or Ni:Fe ratio of approximately 1:25 in solution. The recorded pH change 
during precipitation was 4-9. The precipitation of hydroxide was performed in two 
steps, with the intermediate solution allowed to age for 3 days at room temperature 
(~20°C), before a slight excess of sodium hydroxide was added and the solution 
bottled and stored at 60-65°C for 30-45 days to allow complete conversion from 
hydroxide to oxyhydroxide:  3Fe3+ + 3OH- → Fe(OH)3(s) → FeOOH(s) + H2O. 
After this period, the solids were decanted from the bulk of the solution and 
vacuum filtered.  The resulting filter cake was then washed with 200 cm3 of 0.1 mol 
dm-3 sulphuric acid to remove any unconverted hydroxide or precipitated nitrates, and 
then with a further 500 cm3 of deionised water to remove sulphate residue.  The solids 
were air dried at 60°C and allowed to stand at room temperature before being placed 
in sample bottles and stored under ambient conditions. The colour of the prepared 
solids varied slightly, with the co-precipitated solids being slightly darker than the 
sample which contained only iron. The laterite ore sample was acquired from Minara 
















Preliminary leaching experiments were carried out in a heated, insulated 1.0 
dm3 glass reactor with baffles containing 800 cm3 of lixiviant with a vented lid.  
Titanium stirrers at 1200 rpm were used to ensure sufficient agitation of the slurry.  
Solids of particle size range 90-125 μm were added as a dry solid and a S/L ratio was 
maintained at 1.0 g dm-3 for synthetic oxides or 2.5 g dm-3 for ore. A low initial S/L 
ratio was used in order to minimise the change in reagent concentration during the 
initial leaching period, as it represents the effect of different reagents investigated in 
the present study. Slurry samples of 10-20 cm3 were withdrawn from the reaction 
vessel using a 10 cm3 syringe and immediately filtered using a ‘Whatman 1’ filter 
paper (passing 11 µm) for ore, or a ‘Whatman 5’ filter paper (passing 2.5 µm) for the 
synthetic goethite samples.  The filtered samples were analysed using a GBC Avanta 
933 Atomic Absorption Flame Spectrophotometer and aqueous standards prepared in 
a background of 1% HCl. The solubility of SO2 in deionised water and 1 mol dm-3 
H2SO4 after saturation at different temperatures in the range 30-90oC (pSO2 = 1 atm) 
was determined using iodometric titration of the dissolved SO2 (Mendham et al., 2000 
). 
 
4. Results and discussion 
4.1 Characterisation 
Figs. 1 and 2 and Table 6 summarise XRD patterns and the mineralogy of the 
samples. The theoretical mass loss for the conversion of FeOOH to 0.5Fe2O3 is 
(88.85-79.85)/88.85*100 = 10.13%. The measured mass losses of the synthetic 
samples during thermogravimetric analysis listed in Table 7 are close to this value. 
Metal assays conducted by Ultra trace Laboratories and surface area measurements 
conducted by CSIRO Particle Analysis Service in Perth, Western Australia are 















synthetic oxyhydroxides, indicating the large porosity of the ore.  Georgeou and 
Papangelakis (1998) reported a comparable surface area of 64.82 m2 g-1 with a 
porosity of 0.708 for limonitic laterite ore subjected to the PAL process.  
 
4.2 Effect of acids  
4.2.1 Leaching curves and initial rates  
Fig. 3 compares the iron, nickel and cobalt dissolution from synthetic oxides 
and ore-A over a period of up to 60 or 90 minutes at 90 oC. Iron dissolution curves for 
the laterite ore and synthetic FeOOH agree reasonably well (Fig. 3a). However, the 
decrease in iron dissolution from laterite ore after 60 minutes shows the retarding 
effect due to surface blockage by insoluble layers as described later. Both nickel and 
cobalt dissolution from ore also slowed down after 10 minutes. The acid dissolution 
of all three metals from synthetic NiFeOOH and CoFeOOH is slower than that from 
ore (Fig. 3b), largely due to the lower surface area of synthetic oxides compared to 
ore (Table 8). 
 Table 9 summarises the initial rates of iron dissolution  per unit surface area 
(RFe, mmol m-2 min-1) of synthetic oxides from this work. Rates increase with 
increasing acid concentration. The different rates of FeOOH dissolution in H2SO4, 
HCl and HClO4 from this work and literature data are compared and contrasted using 
the log-log plots of rate and acid concentration in Fig. 4a. As expected, the results for 
H2SO4 at 90 oC (this work) are slightly higher than those at 85 oC (Suran and Warren, 
1969). The slopes of linear relationships in Fig. 4a show a first order reaction with 
respect to acid concentration. The initial rates of iron dissolution from limonitic 
laterite ore, dXFe/dt in H2SO4/SO2/90oC, also correspond to a first order dependence 
with respect to acid concentration: [H+]1 (Senanayake and Das, 2004). Higher rates 















Fig. 4a, indicate the participation of HSO4- ions via the interim species Fe(OH)SO4  in 
reaction 1 (Table 4).  
 
4.2.2 Beneficial effect of chloride  
The beneficial effect of chloride, compared to sulphate, is evident from the 
higher rates of iron leaching  from synthetic oxides in 1 mol dm-3 HCl at 90oC in 
Table 9. Moreover, Fig. 4b shows a second order reaction with respect to HCl 
concentration. The sulphate and chloride effect can also be compared on the basis of 
the apparent rate constant (kap) in Eqs. 4 and 5 (Chiarizia and Horwitz, 1991; 
Boukerche et al., 2010). Table 10 lists the reported values of kap for iron and cobalt 
leaching from synthetic FeOOH, CoO.Al2O3 and NiO.Al2O3 catalyst in H2SO4 and 
HCl. Iron dissolution from FeOOH at 80oC in 2 mol dm-3 HCl has a larger rate 
constant (4.68 h-1) compared to that in 3 mol dm-3 H2SO4 (2.05 h-1). Likewise, the rate 
constant for the dissolution of cobalt from CoO.Al2O3 in 0.5 mol dm-3 HCl is 3-4 
times larger than in 0.5 mol dm-3 H2SO4 at 60-85oC (Table 10). However, in H2SO4 
the values of kap for NiO.Al2O3 and CoO.Al2O3 appear to be of the same order.  
The beneficial effect of HCl, demonstrated for synthetic oxides in Tables 9 
and 10, is also evident from leaching results for laterite ores. For example, Steyl et al. 
(2008) reported higher metal extractions (92% Ni, 67% Co) from a ferruginus ore at 
85oC, 30% solids and an acid (H+) dosage of 26 kg/t ore with HCl, compared to low 
extraction with H2SO4 (67% Ni, 36% Co). Results from Harris and Magee (2003) 
summarised and compared in Table 11 show the success of strong brine leaching 
(SBL). The extraction of nickel and cobalt from a limonitic ore in H2SO4 in the PAL 
process at 250 oC  is close to 92-99%, compared to 39-72% in atmospheric leaching in 
H2SO4 at 95 oC. However, the extraction of these two metals increases to 92-95% in 















four metals, the possibility of hydrolytic precipitation of iron as readily filtered and 
environmentally safe hematite under atmospheric pressure, and recovery and 
recycling of MgCl2 and HCl, are advantages of the SBL processes (Harris and Magee, 
2003; Harris et al., 2006; Steyl et al., 2008).    
Despite the corrosion effect of chloride on pressure autoclaves for leaching 
limonitic laterite with H2SO4, the addition of HCl (68 kg / t ore) increased the   nickel 
extraction from 87.3% to 90.4% and cobalt extraction from 88.8% to 90.8% (Kaya 
and Topkaya, 2011). Li et al. (2009) reported an increase in surface area from 16.03 
m2 g-1 (raw ore) to 21.04 m2 g-1 after roasting of a gamierite laterite ore which 
contained Mg3(Si2O5(OH)4), Mg2SiO4, SiO2, FeOOH, and Fe2O3 at 300 oC.  As shown 
in Fig. 5, the leaching of roasted calcines with 4 mol dm-3 HCl caused an increase in 
Ni extraction (33% to 93%) and a decrease in  Fe extraction (78% to 65%),  but Mn 
extraction (~99%) and Co extraction (60% to 62%) remained unchanged. These 
results suggest the necessity of a reducing agent to improve the leaching of high-
valent oxides of cobalt from a roasted ore, as discussed later.  
 
4.2.3 Surface reaction models  
Tables 12 and 13 summarise various reaction models proposed by previous 
researchers along with the rate equations and reaction orders for the dissolution of 
iron from FeOOH, Fe3O4 and Fe2O3 as well as other metals such as manganese, nickel 
and cobalt from oxides relevant to laterite leaching. These models rationalise the first 
order reaction of goethite with H+ ions (Table 13). Thus, the enhanced leaching of 
metals by HCl+MgCl2/80oC compared to H2SO4/95oC in Table 11 is a result of two 
factors: (i) enhanced hydrogen ion activity (aH+), where aH+ = [H(H2O)h+]/(aW)h and h 
= proton hydration number, caused by the decrease in water activity (aW) as a result of 















chloride ions. The first order dependence of rates of iron dissolution from FeOOH, 
Fe3O4 and Fe2O3 on hydrogen ion activity, {aH+}1,  noted in Table 13, confirms the 
hydration effect (Jansz, 1983; Majima et al., 1985; Muir and Senanayake, 1985; Lu 
and Muir, 1986; Senanayake and Muir, 2003; Senanayake, 2007).  
 
4.3 Effect of acid and SO2 on Fe leaching 
4.3.1 Eh-pH diagram and rates 
Fig. 6a shows a combined Eh-pH diagram at 25oC for the FeOOH-Fe(III)-
Fe(II)-SO4-SO3 system based on previous publications (Das et al., 1997; Senanayake, 
2003a; Senanayake and Das, 2004). Unlike HSO4- which is formed at pH < 1.2, 
HSO3- is formed only at pH > 2, depending on the ionic strength. Thus, the 
Fe(II)/(III)-HSO3-SO3 complexes are only stable at low acidities. The Eh of the two 
redox couples S2O62-/SO2 and H+/0.5H2 are lower than that of FeOOH/Fe(II) couples 
in the entire pH range of -2 < pH < 4 considered in Fig. 6a. Therefore, both SO2 and 
H2 gases are expected to cause reductive leaching of FeOOH. However, the initial 
leaching rates of iron from synthetic goethite or ore-A by 1 mol dm-3 H2SO4 at 90oC 
reported in Table 9 from this study are unaffected by the sparging of H2 or SO2 gas, as 
shown in Fig. 8a due to kinetic limitations. Likewise, according to Table 10, the value 
of kap for FeOOH in 3 mol dm-3 H2SO4 at 80 oC  (2.05 h-1) is not enhanced by the 
addition of sulphite (2.02 h-1). 
In contrast, Table 9 shows higher leaching rates of iron per unit surface area of 
goethite (14-19 mmol m-2 min-1) in aqueous SO2 alone even at the low temperature of 
20 oC and low acidities of natural pH 1.2-1.5, compared to lower rates in strongly 
acidic media of H2SO4 or HCl at 90 oC (< 1 mmol m-2 min-1).  This reveals the  
complexation and reductive role of SO2 during goethite leaching even without added 















order of [SO2]0.25 for the surface reaction is low, compared to the higher slopes/orders 
of [H+]0.9-2.0 for H2SO4 or HCl leaching without SO2 in Fig. 4b. This may be 
compared with the results for iron dissolution from magnetite by SO2 where the order 
is higher: [SO2]0.67 (Table 13). Higher reaction orders support the adsorption 
mechanism in scheme 6 of Table 12 proposed by Byerley et al. (1979).  The product 
O-Fe-SO2H+(aq) of magnetite dissolution by SO2 in scheme 6 is also consistent with 
the reduced species FeHSO3+ formed from goethite at pH 1-2  noted in Fig.6a.  
However, the reaction mechanism in scheme 6 does not consider the electron-
transfer step for the oxidation of SO2 or HSO3- to S2O62- (dithionate) or HSO3 radical, 
which are further oxidised to HSO4-/SO42- (Kumar et al., 1993; Das et al., 1997; 
Zhang et al., 2000; Senanayake, 2003a; Das and de Lange, 2011). This warrants 
further discussion of the rates of iron dissolution from different oxide systems on the 
basis of surface active sulphur species in the adsorption/reaction mechanisms listed in 
Table 12 to rationalise the leaching behaviour of iron.  
 




 on Fe leaching 
Fig. 6b considers the effect of H+ and HSO3- concentrations, rather than total 
SO2 concentration, on the rates of dissolution of iron (dmFe/dt, mol g-1 s-1) from coarse 
or ultrafine goethite (CG or UFG), magnetite and limonitic laterite. Higher rates for 
UFG shows the effect of larger surface area. The linear relationship with a slope ~1 
for log{rate} as a function of log{[H+]0.5[HSO3-]0.5} indicates the electrochemical 
nature of the dissolution reaction in solutions of low acidity, with the reduction of 
Fe(III) and oxidation of HSO3-, according to scheme 7 in Table 12, irrespective of the 
different iron oxides considered in Fig. 6b (Senanayake, 2003a). However, the value 
of kap for FeOOH dissolution in 3 mol dm-3 H2SO4  (2.05 h-1) in Table 10 is relatively 















Low sensitivity of iron leaching in the presence of SO2 or Na2SO3 in Fig. 8 
and Table 10 may be related to the low concentration of dissolved SO2 and the 
decrease in  hydrolysis of SO2 to H+ + HSO3- at high temperatures/acidities (Nan and 
Lawson, 1989). Fig. 9 shows the decrease in concentration of dissolved SO2(total), 
with the increase in temperature from 0 to 100oC  and H2SO4 concentration from 0 to 
0.1 or 1 mol dm-3. The values of pK (= - logK) for the two dissociation/hydrolysis 
equilibria relevant to this study : HSO4- = H+ + SO42-  and SO2 + H2O = H+ + HSO3- 
increase with the increase in temperature, indicating weaker dissociation in both cases 
at elevated temperatures. The calculated values  of pK based on the HSC 6.1 software 
package which makes use of the Criss-Cobel principle (Roine, 2002) are in reasonable 
agreement with the values of pK compiled by Sillen and Martell (1964) and Hogfeldt 
(1982) (Fig. 10).  
Table 14 lists the pH and concentrations of HSO4-, SO42-, SO2 and HSO3- in 
various  mixtures of H2SO4 + SO2 at 90 oC calculated from pK values of 2.87 and 
2.70 for HSO4- and SO2/H2O, respectively.  In all cases the concentrations of HSO4- 
and SO2 are much larger than those of SO42- and HSO3-. At a given concentration of 
0.1 mol dm-3 SO2(total)  an increase in H2SO4 concentration from 0 to 3 mol dm-3 
increases the molar ratio [SO2]free/[HSO3-] from 6.6 to 1500. Moreover, a decrease in 
total SO2 content from 0.1 to 0.01 mol dm-3 or an increase in H2SO4 concentration 
from 0 to 1 mol dm-3 decreases the concentration of HSO3- ions. Thus, a strongly 
acidic solution of SO2-H2SO4 contains H+ and HSO4- and predominantly SO2, instead 
of HSO3-. The reactive sites of protonated goethite, shown by ├O-Fe+ in schemes 1, 3, 
4, 6 and 7 in Table 12, in such a medium, are likely to form the surface complex ├O-
Fe+.HSO4-  of the formula Fe(OH)SO4. This adsorbed (interim) species will produce 
FeSO4+ or Fe(SO4)2- in solution as indicated in the Eh-pH diagram in Fig. 6a in strong 















0.25 g dm-3 the sparging of SO2 has no beneficial effect on the leaching of Fe from 
limonitic laterite in Fig. 8a. 
 
4.4 Relative effect of SO2 in H2SO4 and HCl on Fe/Ni/Co/Mn leaching 
Table 9 shows higher leaching rates of cobalt (0.4-1.1 mmol m-2 min-1) and 
iron (9-14 mmol m-2 min-1) from synthetic CoFeOOH in aqueous SO2 even at low 
temperatures of 20 oC and low acidities (pH 1.2-1.5), compared to lower rates of iron 
dissolution in strongly acidic H2SO4 or HCl at 90 oC (< 0.9 mmol m-2 min-1).  The 
reaction order for Co dissolution from CoFeOOH is [SO2]0.94 (Table 13). Previous 
studies on the leaching of nickel from spent NiO-catalyst (31.8% NiO, 35% Al2O3, 
8.5% MgO, 6.8% Fe2O3, 0.7% SiO2 and 14.8% acid-insoluble materials) also showed 
enhanced nickel leaching by SO2 at pH 1.6-2.3 and 30 oC with higher reaction orders 
[SO2]1.1 and [H+]0.8 noted in Table 13 (Youzbashi and Dixit, 1991). Table 10 shows 
higher values of kap (> 1 h-1) for nickel and manganese dissolution from NiO-catalyst 
and MnO2 by SO2 even at lower temperatures of 20-40oC without added acid. 
Comparable values of kap for FeOOH leaching by SO2 can only be achieved at a 
higher temperature of 80oC in the presence of strong acid.  
Again, these relative rates and rate constants based on synthetic oxides are 
supported by the leaching results for limonic laterite listed in Table 15. Cobalt and 
manganese extraction, even after a short leaching period of 0.5 h, is high with SO2 
alone (80-85%), compared to that with H2SO4 alone (12-20%), indicating direct 
reactions represented by Eqs.  17-18 in Table 4. Iron extraction during this period is 
much lower (1-12%), compared to nickel (18-19%) (Table 15).   
As shown in Figs.7a-b the Ni and Co extraction from synthetic oxides  in the 
present study at a low S/L ratio of 1 g dm-3 in 1 mol dm-3 H2SO4 at 90oC after 1 h is 















situation, similar to iron extraction described in the previous section, changes with the 
increase in S/L ratio for all three metals. For example, the iron extraction from 
limonitic laterite in 0.72 mol dm-3 H2SO4 at 90 oC at a higher S/L ratio of 100 g dm-3  
after 1 h is 20%, which increases to 43% in the presence of SO2 (Senanayake and Das, 
2004). Table 15 also shows that the iron extraction in 0.72 mol dm-3 H2SO4 at a higher 
S/L ratio of 100 g dm-3  after 6 h is much larger (84%) in the presence of both 
SO2/H2SO4, compared to low extractions in SO2 or H2SO4 alone (7 or 42%). These 
results indicate the beneficial composite effect of SO2/H2SO4 and enhanced number of 
adsorption sites of host minerals causing preferential adsorption and reduction, but 
further discussion on these factors is beyond the scope of the present investigation.  
Of interest is the large composite effect of HCl/SO2 as a reductive lixiviant to 
leach Ni, Co, Mn and Fe from a limonitic ore after 6 h summarised in Table 15 (Das 
et al., 1997). As noted in previous sections, the involvement of HSO4- or Cl- in the 
surface reaction, compared to the non-complexing ClO4-, is beneficial for the 
dissolution of Fe which in turn causes improved extraction of Ni. Thus, in the 
presence of SO2 the extraction ratio %Ni/%Fe remains close to 1 and the magnitude 
of acid effect follows the order HClO4 < H2SO4 < HCl (Table 15). This shows the 
aggressive role of HCl/SO2 on Fe and Ni leaching.  
The MgCl2/HCl/SO2 system has been used in a closed-circuit mini-plant 
campaign, operated under atmospheric conditions, to achieve 95% Ni and Co leaching 
from a ferruginous (50% Fe) ore (Steyl et al., 2008). At the operating conditions of 
95oC and 15% solids,  50% of the total acid requirement of 750 kg H2SO4 / t ore was 
generated from SO2 (Eq. 25 in Table 4). Moreover, reaction of SO2 with FeCl3 gave 
close to quantitative adsorption of SO2 to the solution in the continuous integrated 
operation allowing the safe and efficient use of SO2.  Thermal decomposition of 
















4.5 Effect of other sulphur reagents and weak organic acids   
4.5.1 Effect of dithionite and thiosulphate 
The reducing ability of dithionite is diminished in strongly acidic solutions, as 
revealed by the decrease of kap from 4.68 h-1 to 2.41 h-1 in the presence of 2 mol dm-3 
HCl at 80oC (Table 10). This is a result of the hydrolysis and disproportionation 
reactions:  
(i) 2S2O42- + H2O = S2O32- + 2HSO3- 
(ii) S2O32- + 2H+ = S + SO2 + H2O 
(iii) S2O32- + H+ = S + HSO3-   
(iv) HS2O3- = S + HSO3-  
Reactions (i), (ii), (iii) and (iv) have equilibrium constants: K = 1024, 103.3, 101.6 and 
10-0.8 at 25oC, respectively.  These values change to K = 1020 , 105.3 , 102.5  and 10-0.2 at 
90oC, respectively (HSC 6.1). Elemental sulphur produced in this manner coats the 
dissolving particles and inhibits iron dissolution (Chiarizia and Horwitz, 1991). 
However, 0.16 mol dm-3  Na2S2O4 is an effective reducing agent at a low 
acidity of 0.1 mol dm-3  H2SO4 even at room temperature (19oC), as revealed by the 
results from the present study.  About 96% of Fe, Ni and Co in the three synthetic 
oxides at S/L = 1 g dm-3 was leached in the first 5 min, after which the % metal 
extraction remained unchanged. This may be compared with only 9% Fe leached in 
the first 5 min by 1 mol dm-3  H2SO4 at 90oC (Fig. 3). It was also found that 
Na2S2O4/H2SO4 of same strength leached 55% Fe, 35% Ni and 70% Co from ore-A 
after 5-15 min. This suggests rapid reductive leaching with dithionite at low acidities 
according to reaction 22 in Table 4, producing the dissolved species FeSO30 or 















Lee et al. (2005) employed the beneficial effect of cathodically produced 
dithionite, from SO2 at low acidities, during electrolysis of serpentinic and limonitic 
laterite ore slurries at natural pH.  The cathode (Pt-gauze) compartment which 
contained a laterite slurry of solid density up to 25% was sparged with SO2 gas at a 
flowrate of 50 cm3 min-1. A PVC membrane, which only allowed the transport of 
ions, separated the anode (Pb-plate) compartment of 0.5 mol dm-3 H2SO4 from the 
cathode compartment. Dithionite produced at the cathode reduced FeOOH and Fe2O3 
according to reactions 21 and 22 in Table 4, resulting in the leaching of 60-70% Fe 
and Ni after 100 min at ambient temperatures. Likewise, despite the 
disproportionation of S2O32- to S and SO2 or HSO3- in acid media described above, 10 
g dm-3 Na2S2O3 (0.063 mol dm-3) in the presence of 8% (w/w) H2SO4 leached 36% 
Fe, 42% Ni, 90% Mn and 94% Co from a limonitic ore after 2 h in a batch test 
conducted at a  S/L ratio of 1/10 according to the reactions listed in Table 4 (Li et al., 
2011). These results warrant further studies on equilibria and kinetics of reactions  (i) 
to (iv) as well as the role of  different sulphur species on the atmospheric/bio leaching 
of  individual oxides.  
 
4.5.2 Effect of weak organic acids 
Oxalic acid (H2C2O4) is a weak dibasic acid, yet the value of kap for leaching 
goethite at 80oC in 1 mol dm-3  H2C2O4 (7.56 h-1) is larger than that in 2 mol dm-3  
HCl (4.68 h-1) reported in Table 10. This is a result of the chelating/reducing ability of 
HC2O4- ion at a pH range of 2.5-3.0 (Lee et al., 2007). The detrimental effect of 
dithionite in strong acids can also be eliminated in oxalic acid. For example, 1 mol 
dm-3  H2C2O4 of lower acidity with a lower concentration of 0.01 mol dm-3  Na2S2O4 
at a lower temperature of 60oC offers a higher value of kap (5.76 h-1), compared to that 















formaldehydesulfoxilate (HOCH2SO2Na), denoted by SFS, and 1 mol dm-3 H2C2O4 
offers a much larger value of kap (9.0 h-1) at 60oC.  As shown in Fig. 10, the use of 
hydroxyethane-1,1-diphosphinic acid (HEDPA), instead of H2C2O4, offers even larger 
values of kap in the presence of reducing agents such as Na2S2O4, SFS and ascorbic 
acid, especially at higher temperatures.  
Fig. 11 shows a log-log plot of kap (Chiarizia and Horwitz, 1991) as a function 
of the concentration of Na2S2O4 or SFS for goethite leaching at 80oC. A log-log plot 
of dXFe/dt as a function of H2C2O4 concentration for the dissolution of iron from rust 
or clay which contained Fe2O3, FeOOH and aluminium silicates at 100oC (Lee et al., 
2007) is also included in Fig. 11 for comparison of dithionate with oxalate.  A slope 
of ~0.5 corresponds to a reaction order [Y]0.5 (Y = S2O42-, SFS, H2C2O4) and 
electrochemical mechanisms in all cases, with no beneficial effect at higher reagent 
concentrations. The stability of FeHSO3+ in Fig. 6a and Fe(C2O4)22- in the published 
Eh-pH diagram for FeOOH/Fe(III)/(II)/C2O42- system (Lee et al., 2007), at pH ranges 
1.5-2.5 and 2-3 respectively,  supports reductive leaching according to the reactions 
listed in Table 4.  
The reducing and complexing/chelating effect of carboxylic acids such as 
oxalic and citric acids produced by fungi is responsible for bioleaching of limonite 
and nontronite minerals, despite the low extraction of Ni compared to Co at low 
temperatures (Tang and Valix, 2006; Simate et al., 2010; Hallberg et al., 2011). The 
extraction of Fe and Ni were low (6-35%) compared to Co and Mn (32-92%) 
depending upon the ore type (limonite or nontronite) and the concentration (0.2 – 3 
mol dm-3) of citric, malic or lactic acid used in the investigation (Tang and Valix, 
2006). While the weak acidity (pH 1.3-2.0) is responsible for the low extraction of Fe 
and Ni, the reductive role of organic acid appears to be responsible for the higher 
















4.6 Effect of  SO2 and Cu(I)/(II) 
4.6.1 Magnetite leaching 
The formation of Cu(I) from Cu(II)/SO2 is thermodynamically favourable with 
equilibrium constants 101.86 and 102.20 at 25oC and 90oC, respectively, for the reaction: 
Cu2+ + SO2 + 2H2O = 2Cu+ + HSO4- + 3H+ (HSC 6.1). As the Eh of the Cu(II)/Cu(I) 
couple lies below that of  Fe(III)/Fe(II) in  Fig. 6a, Cu+ and CuSO3- ions  can act as 
reducing agents for FeOOH. The acid leaching of iron from Fe3O4 has been 
extensively studied in the absence or presence of Cu(II), SO2 and other ligands such as 
Cl- and CH3CN (acetonitrile) which stabilise  Cu(I) (Byerly et al., 1979; Lu and Muir, 
1986; 1988). Some of the results at 25oC are listed in Table 16. The table reveals that 
the low values of RFe for natural dissolution of Fe3O4 in HCl or H2SO4 (0.19-0.46 
mmol m-2 min-1) in the absence of Cu(I)/(II), are of the same order as the values 
reported for goethite at 90oC in Table 9 in H2SO4 (≤0.40 mmol m-2 min-1) and HCl (< 
0.87 mmol m-2 min-1).  This is consistent with the comparable rates of magnetite and 
goethite leaching at low acidities plotted in Fig. 6b. 
However, the cathodic dissolution of a rotated magnetite electrode in various 
acidified sulphate and chloride electrolytes has higher rates of dissolution with 
coulombic efficiency of ~100%. This indicates the reductive dissolution: Fe3O4 + 8H+ 
+ 2e- = 3Fe2+ + 4H2O and the need for acid as well as a reducing agent (Lu and Muir, 
1986). Further studies confirm that the rates are affected by the concentrations of acid, 
salt, Cu(II)/(I), and the potential of solution/electrode, but are independent of rotation 
speed. Other important points to note in Table 16 are:  
(i) an increase in acid or salt concentration increases RFe  corresponding to a 















(ii) a decrease in potential from 0.75 V to 0.48 V (SHE)  by adjusting the 
Cu(II)/Cu(I) ratio increases RFe from 0.09 to 64 mmol m-2 min-1. 
This highlights the importance of considering solution potentials (Eh) during 
leaching. An increase in Eh of the Cu(II)/Cu(I) couple lowers the reducing ability of 
Cu(I) (Lu and Muir, 1986). The published Eh-pH and Eh-log[Cl-] diagrams show a 
change in predominant copper species from CuCl+ to CuCl2- with a decrease in 
potential from 0.75 V to 0.48 V (Das et al., 1997; Senanayake, 2009). The reductive 
strength of 0.1 mol dm-3 Cu(I) in 1 mol dm-3 HCl is also evident from the rate in the 
presence of Cu(I) (62.4 mmol m-2 min-1) compared to Cu(II) (0.09 mmol m-2 min-1) in 
Table 16. Moreover, the relative reductive leach rate of iron, based on rotating discs 
and particle leaching, decreases in the order shown in brackets for Fe3O4 (40) > Fe2O3 
(10) > NiFe2O4 (4)  (Lu and Muir, 1988).  
Fig.12a shows the effect of pH on the rates of iron leaching from synthetic 
magnetite by SO2 or SO2/Cu(II) based on the published results (Bryerley et al., 1979). 
The decrease in rate with increasing pH in the absence of added Cu(II) (line (i)) 
indicates the involvement of protons in the surface reaction. The beneficial effect of 
SO2/Cu(II) on magnetite leaching (line (ii)) has been related to the surface adsorption 
of SO2 or Cu+ formed by the reaction Cu2+ + HSO3- = Cu+ + HSO3, followed by 
surface reduction as the rate controlling step (scheme 8, Table 12). The reaction order 
of magnetite leaching in SO2/H2SO4 is half order with respect to copper based on the 
results reported by Byerley et al. (1979) (Table 13) indicating an electrochemical 
reaction at the surface. 
However, the Eh-pH diagram in Fig. 6a shows the predominant area and 
stability of the complex ion CuSO3- at pH > 1, which may be responsible for the 
increase in rate at pH > 1 shown in Fig. 12a (line (ii)). As shown in Figs. 12a-b the 















beneficial for magnetite leaching (lines (iii), (iv), (v), ((vi)). The published Eh-pH 
diagrams and Eh measurements in the range 0-0.2 V (Muir and Senanayake, 1985) 
have shown the stabilisation of Cu+ as Cu(AN)x+ by acetonitrile (AN). Thus, the 
largest beneficial effect  caused by Cu(II)/SO2/AN in Figs. 12a and b (lines (iii) and 
(iv)) indicates the involvement of a Cu(I) species such as Cu(AN)xSO3- in the surface 
reaction, which warrants further investigations. 
 
4.6.2 Laterite leaching 
Table 15 summarises the effect of the three acids HClO4, H2SO4 and HCl in 
the presence SO2/Cu(II) as reducing agents on the leaching of Fe, Ni, Co and Mn 
from a limonitic ore after 6 h (Das et al., 1997). The presence of Cu(II) increases the 
extraction of Ni and Fe from ~75% in HClO4/SO2  to   90% in HClO4/SO2/Cu(II), 
confirming the reductive leaching of Fe-oxide(s) by Cu(I). The beneficial effect of 
Cu(II)/SO2 is not observed in HCl, compared to  that in HClO4 or H2SO4 (Table 15).  
For example, the extraction of iron and nickel in HCl remained at 91-92% irrespective 
of the presence or absence of SO2. The published combined Eh-pH diagram for 
Fe/Cu/SO2/H2O in HClO4, HCl and H2SO4 shows the descending Eh order at pH 0-2: 
Fe(III)/Fe(II) > Cu2+/CuCl2- > Cu2+/Cu+ or Cu2+/CuSO3- (Das et al., 1997). This 
suggests the involvement of CuSO3- complex in HClO4 and H2SO4 compared to 
CuCl2- complex in HCl media, which also warrants further studies.  
Table 17 summarises the effect of sulphuric acid dosage (0-600 kg/t ore) on 
metal extraction from a smectite ore by SO2 or SO2/Cu(II) after 10 h (Das and de 
Lange, 2011). In the absence of added acid, SO2 alone leaches 60% Co and 68% Mn 
which increases to 75% Co and 82% Mn with SO2/Cu(II) indicating the beneficial 
role of Cu(I). Extraction of Fe and Ni after 10 h increases with increasing acid dosage 















The increase in pulp density (w/v) from 20% to 35% enhances the nickel extraction 
by about 3%, but decreases iron and chromium extractions by about 6% and 15%, 
respectively.  Such detrimental effects at high pulp densities can be related to: (i) 
lower SO2 gas mass transfer efficiency at high pulp densities (Ferron and Henry, 
2008; Goel et al., 2010), and (ii) an increase in the un-leached fractions of 
maghemite/magnetite/chromite, which are difficult to leach (Das and de Lange, 
2011). Again, further studies with synthetic oxides are warranted. 
 
4.7 Effect of  Fe(II)  
Fig. 7a shows that the presence of Fe powder or FeSO4 , unlike SO2, improves 
the Ni extraction from Ni-FeOOH by about 10% after 60 min. In the case of synthetic 
Co-FeOOH, the beneficial effect of Fe powder and FeSO4 is much larger, where the 
Co extraction increases by 40-60% after 60 min (Fig. 7b). Even larger beneficial 
effects of these two reductants on Ni, Co and Mn extractions from ore-A are observed 
in Fig. 8, consistent with previous results on the beneficial effect of Fe(II) on 
manganese and cobalt leaching from oxide ores (Tekin and  Bayramoglu, 1993;  
Senanayake, 2003b; Ferron, 2006; Ferron and Henry, 2008; Apua and Mulaba-
Bafubiandi, 2011). 
There is a close resemblance of reaction orders in the range 0.5-1 with respect 
to [H+], [Fe(II)] or [SO2] for the reduction of MnO2 to Mn(II) (Table 13). Likewise, 
the similarity of the leaching curves of Mn and Co during the reductive leaching of 
ore-A by FeSO4 and SO2 is evident from Fig. 8c and consistent with previous findings 
for MnO2 (Senanayake, 2003b). Despite the thermodynamic predictions based on Fig. 
6a, hydrogen gas has no reductive role on the metal oxides in laterite (Fig. 7a). The 
reductive effect of SO2 on Fe leaching is also less significant compared to that on Ni 















20% (Fig.8b), but the beneficial effect of SO2 on Mn and Co is much higher with 
complete dissolution after 5-10 mins (Figs. 8c,d).   
Figs. 13a-c show linear correlations of Ni and Fe leaching from ore-A in 
different media from the present study, and from previous studies, including the 
results from Table  17. Other studies have also shown similar correlations 
(Senanayake and Das, 2004; Hallberg et al., 2011; Girgin et al., 2011). Such 
correlations indicate the co-existence of Fe and Ni in the oxide or oxy-hydroxide 
matrix. The reductive role of Fe(II) on Co and Mn leaching from Ore-A in Fig. 8 was 
also observed in chloride leaching as shown in Fig. 14a. Here, the beneficial effect 
increases with the increase in concentration of FeCl2, as reported by other 
investigators (Apua and Mulaba-Bafubiandi, 2011). The linear correlations of Co-Mn 
dissolution in chloride media under atmospheric leaching (Fig. 14b), and sulphate 
media under PAL (Fig. 15a), suggest the co-existence of Co-Mn in the same oxide 
matrix, where Fe(II) can offer the reductive role on both oxides. Fig. 15b also shows a 
linear relationship for Co-Mn leaching from limonite and nontronite by different 
organic acids (Tang and Valix, 2006). 
The log-log plots of rates of Co dissolution from ore-A and Fe(II) 
concentration in Fig. 16a show a reaction order close to unity indicating the direct 
involvement of Fe(II) in the surface reaction at low concentrations. In the case of 
CoFeOOH, the beneficial effect of FeCl2/HCl/40oC is slightly larger than that of 
FeSO4/H2SO4/90oC (Fig. 16b), indicating the involvement of Cl- in the surface 
reaction due to the complexation with cobalt ions noted previously. The leaching of 
Co from CoFeOOH also shows a first order reaction with respect to Fe(II) in Fig. 16b, 
but with much lower rates in sulphate media compared to that in chloride media. 
Reasons for a larger beneficial effect of Fe(II) on ore-A may be: (i) Fe(II) rapidly 















Co-oxides. The latter is supported by the standard reduction potentials (Eo) for various 
redox couples in the descending order: Co(OH)3/Co2+ (1.76 V) > MnOOH/Mn2+ (1.40 
V) >  MnO2/Mn2+ (1.22 V) > FeOOH/Fe2+ (0.77 V) ~ Fe3+/Fe2+ (0.77 V). At higher 
concentrations the reaction order in Fig. 16 is close to zero with respect to Fe(II) 
concentration, as in the case of other reducing agents shown in Fig. 11. These findings 
and the reported beneficial role of Fe(II) on the leaching kinetics of synthetic iron 
oxides such as magnetite (Bruyere and Blesa, 1985) and goethite/hematite (Tindall 
and Muir, 1997; Lee et al., 2007) warrants further studies on leaching kinetics. 
 
4.8 Shrinking core kinetics 
The linear relationship of 1-3(1-X)2/3+2(1-X) as a function of t for both Fe and 
Ni in Fig. 17a-d, according to Eq. 6, supports a shrinking core kinetic model 
(Levenspiel, 1972) for leaching results from this study and from Liu et al. (2009). The 
slopes of Fig. 17a-b for ore-A correspond to apparent rate constants of 4 x 10-5 s-1 for 
Fe and 9 x 10-5 s-1 for Ni in 1 mol dm-3 H2SO4. These values are of the same order as 
the apparent rate constants reported for the dissolution of limonitic laterite in 0.18-
0.72 mol dm-3 H2SO4 in the presence or absence of SO2 in a previous study 
(Senanayake and Das, 2004). The values of kap listed in Table 18 show that the 
doubling of acid concentration causes a doubling of kap (Tests A to B) as expected 
from the equation for shrinking core kineticsl (Eq. 6). The beneficial effect of 
sulphate is also evident from the large vale of kap in Test C in 0.72 mol dm-3 H2SO4 
compared to that in Test D in 1 mol dm-3 HClO4.  
The acid-pressure leaching data for a limonitic laterite ore also obeyed a 
shrinking core kinetic model with a large value of kap due to the effect of high 
temperature in Test G (Georgiou and Papangelakis, 1998). Much larger values of kap 















500 rpm for particles of d50 = 25 μm are observed for lizardite rich saprolite (Tests H 
and J), indicating larger porosity (ε) of the host mineral matrix based on Eq. 6. 
Conclusions 
Initial iron dissolution from FeOOH and limonitic laterite show a first order 
reaction: [H+]1, which supports a surface reaction controlled dissolution that can be 
explained on the basis of a proton adsorption mechanism. However, the continuous 
leaching of Fe and Ni from laterite ores follows a shrinking core kinetic model, 
indicating that the diffusion of H+ through a porous solid layer of increasing thickness 
is rate controlling. The reductive leaching with Na2S2O4, Na2S2O3, H2C2O4, SO2, 
SO2/Cu(II), Fe, FeSO4, and FeCl2 based on the results from this study or literaure data 
show enhanced dissolution of Fe, Ni, Mn and Co, depending upon the type of oxide, 
ore and acidity. At low acidities, anions such as HSO3-, S2O42- and HC2O4- are 
involved in electrochemical surface reactions during iron dissolution from FeOOH, 
Fe3O4 and/or limonitic ore as revealed by the half order reactions. The beneficial 
reductive role of CuSO3- and CuCl2-, formed in SO2/Cu(II) solutions in H2SO4 or HCl 
supported by the potential-pH diagrams, can be explained in the same way, as 
revealed by a reaction order of [Cu(I)]0.56 for magnetite based on the literature data. 
This reducing ability of anions is retarded in strong acids at low pulp densities if the 
anions are protonated or reacted with acid. However, SO2 and Fe(II) show beneficial 
reductive effects with reaction orders in the range 0.7-1 for Fe, Ni, Mn or Co 
dissolution from synthetic oxides or limonitic laterite revealing a direct reaction via an 
adsorption mechanism. The linear correlations between the % extraction of different 
metals indicate the co-existence of Fe-Ni and Co-Mn in various oxide matrices. 
Hydrochloric acid offers faster kinetics and higher extractions than sulphuric acid at 
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Fig. 1. XRD patterns for synthetic goethite with no additives (1), nickel spiked (2) and 
cobalt spiked (3) ( KαCo ( λ = 1.788965 Å); see Table 6 for standard card numbers). 
 
Fig. 2. XRD pattern for laterite (1) ore (KαCo (λ=1.788965 Å), see Table 6 for 
standard cards numbers). 
 
Fig. 3. Metal leaching from synthetic oxyhydroxides and ore-A in 1 mol dm-3 H2SO4 
at 90oC. 
 
Fig. 4. Logarithmic plot of rate of iron dissolution from synthetic FeOOH as a 
function of acid or SO2 concentration. Data from this work (Table 9), Surana and 
Warren (1969) and Kumar et al. (1993). 
  
Fig. 5. Efect of roasting temperature of laterite on metal leaching with 4 mol dm-3 HCl 
after 1 h (data from Li et al., 2009). 
 
Fig. 6a. Eh-pH diagram for Fe(III)/Fe(II)/SO42-/SO32- system at 25 oC , ionic strength 
1, 0.1 mol dm-3 S(IV) and S(VI) species and equal activity of Fe(III) and Fe(II) . 
 
Fig. 6b. Correlation between log {rate} and 0.5 log[H+][HSO3-] for iron leaching from 
goethite, magnetite and laterite (Senanayake, 2003a). 
 
Fig. 7. Metal extraction from FeNiOOH and FeCoOOH with 1 mol dm-3 H2SO4 alone 
and the effect of reducing agents at 90oC (Na2SO3 = 0.1 mol dm-3, SO2 = 0.1 dm3 min-
1, Fe = 20 g dm-3, FeSO4 .7H2O = 12 g dm-3). 
 
Fig. 8. Metal extraction from Ore-A with 1 mol dm-3 H2SO4 alone and the effect of 
reducing agents at 90oC (SO2 = 0.1 dm3 min-1, H2 = 0.1 dm3 min-1, Fe = 20 g dm-3, 
FeSO4 .7H2O = 12 g dm-3). 
 
Fig. 9. Effect of temperature on SO2 solubility (a,b,c) and pK of HSO4- = H+ + SO42- 
(e,f) and SO2 + H2O = H+ + HSO3- = (d, g): Concentration of H2SO4 (mol dm-3): 1 (a), 
0 (b), 0.1 (c). Data from this work (a, b), Nan and Lawson,1989 (c),  HSC 6.1 (d,e), 
Sillen and Martell, 1964, Hogfeldt, 1982 (f,g).  
 
Fig. 10. Effect of temperature, mineral acids, organic acids and additives on rate 
constant of goethite dissolution (data for kap based on Eq.4 from Chiarizia and 
Horwitz, 1991). 
 
Fig. 11. Effect of reducing agents on iron leaching kinetics: logarithmic plot of kap for 
synthetic FeOOH (a,b) or dXFe/dt for raw clay with FeOOH and iron aluminium 
silicate (c,d) as a function of different reducing agents. Conditions: (a) 1 mol dm-3 
HEDPA at 80oC, vary [Na2S2O4]; (b) 1 mol dm-3 HEDPA at 80oC, vary [SFS]; (c) 
vary [H2C2O4] at 100oC and pH 2.5; (d) vary [H2C2O4]  at ToC and unadjusted pH. 
















Fig. 12. Effect of pH (a) and concentration of reagents (b) on rate of iron leaching 
from Fe3O4 at 50oC in SO2/H2O in the presence or absence of Cu(II) and AN. 
(Concentrations: (i) 0.54 mol dm-3 SO2; (ii) 0.0036 mol dm-3 Cu(II); (iii) 4% (w/w) 
AN; (iv) 0.0036 mol dm-3 Cu(II)  and 0.04-0.55 mol dm-3 SO2; (v) 0.0014- 0.0153 
mol dm-3 Cu(II) and 0.54  mol dm-3 SO2; (vi) 0.001-0.015 mol dm-3 Cu(II); 0.54 mol 
dm-3 SO2 and 4% An(w/w); data from Byerley et al., 1979). 
 
Fig. 13. Correlation between nickel and iron extraction from laterite under reducing 
conditions with sulphur dioxide at 90oC  
(a) from this work with 0.25 – 1 mol dm-3 H2SO4 or HCl (after 1 h) 
(b) from Table 17 (after 10 h) 
(c) from Das et al., 1997; Senanayake and Das, 2004 (after 6 h). 
 
Fig. 14. Effect of FeCl2 on Mn and Co leaching from ore-A and Co-Mn correlation 
(0.5 mol dm-3 HCl, 2 mol dm-3 NaCl, at S/L 10% (w/v) and 40 oC). 
 
 
Fig. 15. Correlation of Co-Mn extraction from laterite during  (a) pressure acid 
leaching (Georgiou and Papangelakis,  2009) and  (b) atmospheric organic acid 
leaching (Tang and Valix, 2006). 
 
Fig. 16. Comparison of logarithmic plots of rate of Co dissolution as a function of 
Fe(II) concentration for (a) Ore-A in chloride media and (b) Ore-A and synthetic 
CoFeOOH in chloride and sulphate media. Conditions: (i) CoFeOOH, FeSO4 + 1 mol 
dm-3 H2SO4 at 90oC, (ii) CoFeOOH, FeCl2 + 1 mol dm-3 HCl at 90oC, (iii) Ore-A, 
FeCl2 + 0.5 mol dm-3 HCl at 40oC, (iv) Ore-A, FeSO4, 1 mol dm-3 H2SO4 at 90oC. 
 
Fig. 17. Application of a shrinking core model for iron and nickel dissolution from 
limonitic ore-A (a,b) from this work and lizardite rich saprolite ore (c,d) from Luo et 
al., 2009; shown by linera relationships (Eq. 6, see text). Conditions: (a,b). 1.0 mol 

























Fig. 1. XRD patterns for synthetic goethite with no additives (1), nickel spiked (2) and 
























Fig. 2. XRD pattern for laterite (1) ore (KαCo (λ=1.788965 Å), see Table 6 for 
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Fig. 4. Logarithmic plot of rate of iron dissolution from synthetic FeOOH as a 
function of acid or SO2 concentration. Data from this work (Table 9), Surana and 
Warren (1969) and Kumar et al. (1993). 
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Fig. 5. Efect of roasting temperature of laterite on metal leaching with 4 mol dm-3 HCl 
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Limonitic Nickel Laterite (LNL)
 
 
Fig. 6. (a) Eh-pH diagram for Fe(III)/Fe(II)/SO42-/SO32- system at 25 oC , ionic 
strength 1, 0.1 mol dm-3 S(IV) and S(VI) species and equal activity of Fe(III) and 
Fe(II). (b) Correlation between log {rate} and 0.5 log[H+][HSO3-] for iron leaching 





























































Fig. 7. Metal extraction from FeNiOOH and FeCoOOH with 1 mol dm-3 H2SO4 alone 
and the effect of reducing agents at 90oC (Na2SO3 = 0.1 mol dm-3, SO2 = 0.1 dm3 min-





































































































Fig. 8. Metal extraction from Ore-A with 1 mol dm-3 H2SO4 alone and the effect of 
reducing agents at 90oC (SO2 = 0.1 dm3 min-1, H2 = 0.1 dm3 min-1, Fe = 20 g dm-3, 

































































Fig. 9. Effect of temperature on SO2 solubility (a,b,c) and pK of HSO4- = H+ + SO42- 
(e,f) and SO2 + H2O = H+ + HSO3- = (d, g): Concentration of H2SO4 (mol dm-3): 1 (a), 
0 (b), 0.1 (c). Data from this work (a, b), Nan and Lawson,1989 (c),  HSC 6.1 (d,e), 










































Set Acid mol dm-3 Additive mol dm-3
(a) HCl 2 none 0
(b) HCl 2 Na2S2O4 0.1
(c) HCl 2 HOCH2SO2Na 0.1
(d) H2SO4 3 none 0
(e) H2C2O4 1 none 0
(f) HEDPA 1 Na2SO3 0.1
(g) HEDPA 1 Na2S2O4 0.1
(h) HEDPA 1 HOCH2SO2Na 0.1
(i) HEDPA 1 Ascorbic 0.1
(j) HEDPA 1 SnCl2 0.1  
 
Fig. 10. Effect of temperature, mineral acids, organic acids and additives on rate 
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Fig. 11. Effect of reducing agents on iron leaching kinetics: logarithmic plot of kap for 
synthetic FeOOH (a,b) or dXFe/dt for raw clay with FeOOH and iron aluminium 
silicate (c,d) as a function of different reducing agents. Conditions: (a) 1 mol dm-3 
HEDPA at 80oC, vary [Na2S2O4]; (b) 1 mol dm-3 HEDPA at 80oC, vary [SFS]; (c) 
vary [H2C2O4] at 100oC and pH 2.5; (d) vary [H2C2O4]  at ToC and unadjusted pH. 
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Fig. 12. Effect of pH (a) and concentration of reagents (b) on rate of iron leaching 
from Fe3O4 at 50oC in SO2/H2O in the presence or absence of Cu(II) and AN. 
(Concentrations: (i) 0.54 mol dm-3 SO2; (ii) 0.0036 mol dm-3 Cu(II); (iii) 4% (w/w) 
AN; (iv) 0.0036 mol dm-3 Cu(II)  and 0.04-0.55 mol dm-3 SO2; (v) 0.0014- 0.0153 
mol dm-3 Cu(II) and 0.54  mol dm-3 SO2; (vi) 0.001-0.015 mol dm-3 Cu(II); 0.54 mol 
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Fig. 13. Correlation between nickel and iron extraction from laterite under reducing 
conditions with sulphur dioxide at 90oC. (a) from this work with 0.25 – 1 mol dm-3 
H2SO4 or HCl (after 1 h). (b) from Table 17 (after 10 h). (c) from Das et al., 1997; 
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Fig. 14. Effect of FeCl2 on Mn and Co leaching from ore-A and Co-Mn correlation 
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Fig. 15. Correlation of Co-Mn extraction from laterite during  (a) pressure acid 
leaching (Georgiou and Papangelakis,  2009) and  (b) atmospheric organic acid 
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Fig. 16. Comparison of logarithmic plots of rate of Co dissolution as a function of 
Fe(II) concentration for (a) Ore-A in chloride media and (b) Ore-A and synthetic 
CoFeOOH in chloride and sulphate media. Conditions: (i) CoFeOOH, FeSO4 + 1 mol 
dm-3 H2SO4 at 90oC, (ii) CoFeOOH, FeCl2 + 1 mol dm-3 HCl at 90oC, (iii) Ore-A, 








































































































































X sphere core(d) Ni
 
Fig. 17. Application of a shrinking core model for iron and nickel dissolution from 
limonitic ore-A (a,b) from this work and lizardite rich saprolite ore (c,d) from Luo et 
al., 2009; shown by linera relationships (Eq. 6, see text). Conditions: (a,b). 1.0 mol 





















Table 1. Metal or oxide composition of laterite ores 
Type % Composition 
Ni Co Fe S As SiO2 MgO Al2O3 MnO CuO Cr2O3 
Limonitea 1.0–1.5 0.1–0.2 >40 - - 6 3 6 - - - 
Saprolitea 2.4 0.05 <15 - - 38 25 - - - - 
Limoniteb 1.3 0.083 29 0.43 0.68 28.8 2.26 5.83 0.59 0.039 1.99 
Nontroniteb 1.2 0.044 16 <0.01 0.02 44.9 6.91 4.17 0.34 0.009 0.99 
Smectitec 1.1 0.03 17.1 - - (19.4) (7.8) (2.1) (0.23) - (0.52) 
a. Reid, 1996 
b. Buyukakinci and Topkaya, 2009 




Table 2. Oxides and minerals of interest in laterite processing 






CoO, CoOOH, Co(OH)3, Co3O4, CoO2 
FeO, FeOOH, Fe2O3, Fe3O4 
MnO, MnOOH, Mn3O4, MnO2 
Mixed oxides or 
oxyhydroxides 
 
MFeOOH (oxyhydroxides) (M = Ni, Co)  
MO.Fe2O3 (ferrites) (M = Mg, Mn, Zn, Fe, Ni,Co, Cu) 
MO.Mn2O3 (M = Mg, Mn, Zn, Fe, Ni,Co, Cu ) 
MO.Al2O3 (aluminates) (M = Mg, Mn, Zn, Fe, Ni,Co, Cu) 






















a. Reported by Rubisov and Papangelakis, 2000; Whittington and Muir, 2000; 
Whittington et al., 2003a,b; Liu et al., 2004; Tang and Valix, 2006; Lu et al., 2009; 



















Table 3. Typical operating conditions for the PAL process  
Ref. 
 Solids 










a 25–30 30–90 246–270 200-520 3.8–5.4 92.9–95.1% 
b 30 30-60 230-270   80-95% (Ni) 
90-91% (Co) 
(a) Moskalyc and Alfantazi (2002) 























1. FeOOH + H2SO4 = Fe(OH)SO4 + H2O 
2. 2Fe(OH)SO4 + H2O = Fe2O3 + 2H2SO4 




4. MO +2H+ = M2+ + H2O ( M = Ni, Co) 
5. MOOH + 3H+ = M3+ + 2H2O ( M = Fe, Al) 
6. (Fe,Ni)OOH + H2SO4 = NiSO4 + Fe2(SO4)3 + H2O 
7. 2Mg3Si2O5(OH)4 + 12H+ = 6Mg2+ + 4SiO2 + 10H2O 
8. Fe2Si4O10(OH)2 + 6H+ = 2Fe3+ + 4SiO2 + 4H2O 
9. (Mg,Ni)2Si2O5(OH)4 + H2SO4 = MgSO4 + NiSO4 + SiO2 + H2O 
Rubisov et al., 
2000;  
Liu et al., 2004. 
10. 6FeOOH + 9H2SO4 = 3Fe2(SO4)3 + 12H2O 
11. 3Fe2(SO4)3 +12H2O + Na2SO4 = 2NaFe3(SO4)2(OH)6 + 6H2SO4 
12. 6FeOOH + 3H2SO4 + Na2SO4 = 2NaFe3(SO4)2(OH)6 (overall) 
White et al., 
2006. 
13. Fe2(SO4)3 + 4H2O = 2FeOOH + 3H2SO4 
14. Fe2(SO4)3 + 3CaCO3 + H2O = 2FeOOH + 3CaSO4 + 3CO2 
Liu et al., 2004. 
15. 2FeCl3 + 3H2O = Fe2O3 + 6HCl 
16. 2FeCl2 + 2H2O + 0.5O2 = Fe2O3 + 4HCl 
Steyl et al., 
2008. 
Reduction with sulphur or organic species 
17. (Mn,Co)O2 + SO2 + H2SO4 = MnSO4 + CoSO4 + H2O 
18. MnO2 + SO2 = MnSO4 
19. 4MnO2 + S2O32- + 6H+ = 4Mn2+ + 2SO42- + 3H2O 
20. 2MOOH + SO2 + H2SO4 = 2MSO4 + 2H2O (M = Fe or Co) 
21. Fe2O3 + S2O42– + 4H+ = 2Fe2+ + 2HSO3– + H2O  
22. 2FeOOH + S2O42– + 4H+  = 2Fe2+ + 2HSO3– + 2H2O 
23. 6FeOOH + S + 10H+ = 6Fe2+ + SO42- + 8H2O (bacterial) 
24. 14FeOOH + C3H8O3 + 28H+ = 14Fe2+ +25H2O + 3CO2 
25. 2FeOOH + 4HCl + SO2 = 2FeCl2 + H2SO4 + 2H2O 
26. 2FeOOH + 4H+ + S2O42- = 2FeHSO3+ + 2H2O  
27. 8FeOOH + S2O32- + 14H+ = 8Fe2+ + 2SO42- + 11H2O 
28. 2FeOOH + H+ + 5HC2O4- = 2Fe(C2O4)22- + 4H2O + 2CO2 
29. Fe2O3 + H+ + 5HC2O4- = 2Fe(C2O4)22- + 3H2O + 2CO2 
Liu et al., 
2004 ; Lee et 
al., 2005; Lee 
et al., 2007; 
Ferron and 
Henry, 2008; 
Steyl et al., 
2008; Hallberg 
et al., 2011. 
Reduction with metal ions  
30. MnO2 + 2FeSO4 + H2O = MnSO4 + Fe2O3 + H2SO4 
31. 3MnO2 + Cr2(SO4)3 + 2H2O = 3MnSO4 + 2H2CrO4 
32. 2CoOOH + 2FeSO4 + 3H2SO4 = 2CoSO4 + Fe2(SO4)3 + 4H2O 
Kyle, 1996; 
Rubisov et al., 
2000;  Ferron 
and Henry, 
2008.  
















Table 5. Summary of reagents used for non-reductive and reductive leaching of 
synthetic or natural oxides and laterite ores 
Feed Leaching Medium 








 Fe Surana and Warren, 1969 
Goethite HClO4 or HCl NaCl Fe 
Cornell et al., 
1975 
Magnetite Aqueous SO2 
Cu(II), 
acetonitrile Fe 
Byerley et al., 
1979 
Hematite H2SO4, HCl or HClO4 
NaCl, Na2SO4 Fe 
Majima et al., 
1985 
Magnetite HCl, NaCl Cu(II), Cu(I) Fe Lu and Muir, 1986 
Magnetite, 
hematite and 
ferrites of  
 Zn, Cu, Ni 
HCl Cu(I), Sn(II) Fe, Zn, Ni Lu and Muir, 1988 








Fe Chiarizia and Horwitz, 1991 
Cobaltous 
Goethite Aqueous SO2  Co, Fe 
Kumar et al., 
1993 
Limonitic ore H2SO4 or HCl SO2, Cu(II) 
Ni, Fe, Co, 
Mn 
Das et al., 
1997 
Limonitic and 








Ni, Co, Fe Liu et al., 2004 
Limonitic ore H2SO4 SO2 
Ni, Fe, Co, 
Mn 
Senanayake 
and Das, 2004 
Serpentinic ore H2SO4  





 Limonitic and 












Ni, Co, Fe, 
Mn, Cr, 




Iron oxide rustc H2C2O4  Fe 
Lee et al., 
2007 


















saprolitic ore H2SO4  Ni, Mg 
Luo et al., 
2009 
Not specified H2SO4  
Ni, Co, Fe, 
Mg, Al Liu et al., 2009 
Roasted 
gamieritic  ore HCl  
Ni, Co, Mn, 
Fe Li et al., 2009 
Limonitic ore NH3, (NH3)2SO4 
Fe powder Ni, Co Zuniga et al., 2010 
Saprolitic ore H2SO4  Ni, Mg 
Luo et al., 
2010 
Different types of 
laterite  Citric, oxalic 
Fungi or strainsd 
 
Ni Simate et al., 2010 
Nickeliferous 
smectite ore H2SO4 SO2, Cu(II) 
Ni, Co, Fe, 
Mg, Al, Cr 
Das & de 
Lange, 2011 




Ni, Fe Hallberg et al., 2011 
Limonitic ore H2SO4 Na2S2O3 
Ni, Co, Mn, 
Fe Li et al., 2011 





Limonitic ore H2SO4  
HCl, S, FeSO4, 
Na2SO4, Cu2O 




H2SO4 or HCl 
Na2SO3, 
Na2S2O4, SO2, 
H2, Fe, FeSO4, 
FeCl2 
Fe, Ni, Co, 
Mn This work 
(a) oxalic, ascorbic 
(b) 1-hydroxyethane-1,1-diphosphonic acid (HEDPA) 
(c) Contained goethite, hematite and alumino silicate 
















 Table 6. Phase analysis by XRD 
Sample Detected Phases JCPDS No.a 
Goethite Goethite (FeOOH) 29-0713 
Co-Goethite Goethite (FeOOH)  
Iron cobalt oxyhydroxide (δ–(Fe0.67Co0.33)OOH) 
29-0713 
14-0558 
Ni-Goethite Goethite (FeOOH)  
Trevorite ( NiFe2O4) 






Nontronite-15A (Na0.3Fe2Si4O10(OH)2.4H2O)  
Goethite (FeOOH)  
Clinochlore-1MIIb (Mg5Al(Si,Al)4O10(OH)8)  









a. Joint Committee on Powder Diffraction Standards 
















Table 7. Thermogravimetric analysis of samples 








FeOOH 39.34 4.058 230 – 280 10.31 
NiFeOOH 30.97 3.143 255 – 305 10.15 
CoFeOOH 23.28 2.363 250 – 310 10.15 
 
 



















Goethite 54.93 0.03 0.02 - - - 55.11 ±0.15 
Ni-Goethite 56.35 5.05 0.02 - - - 39.78 N/A 
Co-Goethite 58.22 0.04 2.71 - - - 50.22 N/A 
Laterite Ore-A 21.59 1.24 0.11 0.34 3.02 1.61 91.46 
(64.82) 
±2.31 
The value in parentheses show the surface area of limonitic ore with a porosity 



















Table 9. Effect of acid or SO2 on initial rates of iron, nickel and cobalt dissolution 









RFe pH RFe RCo 
 
FeOOH 
0.1 0.82 0.027 1.00 - 1.2 14.1 - 
0.25  0.109  0.051    
0.3     1.5 18.7 - 
0.5 0.10 0.217 0.22 0.204    
1.0 -0.37 0.404 -0.16 0.867    
 
CoFeOOH 
0.25  0.049  0.024 1.2 9.76 0.40 
0.3     1.5 14.2 1.12 
0.5  0.084  0.058    
1.0  0.076  0.340    
 
NiFeOOH 
0.25  0.034  0.026    
0.5  0.049  0.049    
1.0  0.161  0.196    
RFe and RCo (rates) in mmol m-2 min-1; data for H2SO4 and HCl from this work at 1.0 
g dm-3 solids; data for aqueous SO2 from Kumar et al., 1993; pH of H2SO4 from 















Table 10. Effect of acid, anions and reducing agents on apparent rate constants of 






Reductant  kap ( h-1)a in different acids 
Formulab mol 
dm-3 
H2SO4 HCl H2C2O4 without 
acidc 
















  0.18  
40 1   0.39  
60 1   1.87  
80 1  0.72 7.56  
80 2  4.68   




50 0.5  0.012   
60 0.5 0.012 0.036   
70 0.5 0.054 0.276   
85 0.5 0.102 0.336   
NiO.Al2O3 
catalyst 
35 50% 0.036f    
85 50% 0.252f    
85 4 0.180g    
Effect of SO2  without added acids 





0.54    0.01 




19 0 0.06    1.15 
25 0 0.06    1.38 
35 0 0.06    1.81 
40 0 0.06    2.35 
35 pH 2 0.044    0.63 
35 pH 2 0.2    1.98 








80 3 SO2 0.1 0.565h    
90 0.54 SO2 0.3 0.108    
90 0.72 SO2 0.3 0.155    
25 2 SFS 0.1  0.072   
80 2 SFS 0.1  3.96   
80 2 Na2S2O4 0.1  2.41   
80 3 Na2S2O4 0.1 2.27    
80 3 Na2SO3 0.1 2.02    
80 3 SFS 0.1 6.84    
60 1 Na2SO3 0.01   1.44  
60 1 Na2S2O4 0.01   5.76  
60 1 SFS 0.01   9.00  
80 1 AA 0.01   16.9  
80 1 SFS 0.01   22.7  
 
MnO2k 
35 0.02 FeSO4 0.02 7.20    
50 0.02 FeSO4 0.02 11.1    
50 0.05 FeSO4 0.1 33.1    
a. Rate constants based on Eqs. 4 and 5 (see text) 
b. SFS is sodium formaldehydesulfoxylate (HOCH2SO2Na), AA is ascorbic acid 















d. Eq. 4, from Chiarizia and Horwitz (1991)  
e. Co leaching, Eq. 5, from Boukerche et al.(2010) 
f. Ni leaching, Eq. 5, from Abdel-Aal and Rashad (2004) 
g. Ni leaching, Eq. 5, from  Nazemi et al. (2011) 
h. Eq. 5, from Senanayake and Das (2004)  
i. Eq. 5, from Senanayake (2003b), based on the intercept of log{1-(1-X)1/3) vs. 
log t. 
j. Ni leaching, Eq. 5, Youzbashi and Dixit (1991) 
















 Table 11. Comparison of pressure (PAL), atmospheric (AL) and strong brine (SBL) 









Metal extraction % 
Ni  Co Mg Fe 
PAL H2SO4, 



























SBL HCl (20%)*, 































Table 12. Reaction mechanistic details for acid dissolution of oxides relevant to 
laterite leaching 
Scheme Reaction mechanistic details and rate expressions 
1 FeOOH in acidic chloride media (Surana and Warren, 1969) 
├O-Fe-OH(θ1) + H3O+  ├O-Fe+ (θ2) + 2H2O (protonation equilibrium K1) 
├O-Fe+ (θ2) + Cl-  ├O-Fe-Cl (θ3)(chloride adsorption equilibrium K2) 
├O-Fe-Cl(θ3)  → FeOCl(aq) (rate determining desorption step k1) 
Rate = RFe =  k1K1K2θ3aH+aCl- 
2 FeOOH in acidic strong chloride media (Surana and Warren, 1969) 
├Fe-O-Cl (θ3) + H3O+  ├Fe-OH-Cl+ (θ4)+ H2O (protonation equilibrium K3) 
├Fe-OH-Cl+ (θ4) → Fe(OH)Cl+(aq) (rate determining desorption step k2) 
Rate = RFe =  k2K3(θ4)aH+ 
3 FeOOH in strong perchloric acid media (Warren and Hay, 1975) 
├O-Fe-OH (θ1) + H3O+  ├O-Fe+ (θ2)  + 2H2O (protonation equilibrium K1) 
├O-Fe+ (θ2)   → FeO+(aq) (rate determining step, k1) 
Rate = RFe = k1(θ2) = k1K1[H+]/{1+K1[H+]} 
4 FeOOH in perchloric acid media (Cornell et al., 1976) 
├O-Fe-OH (θ1) + H+  ├O-Fe+ (θ2)  + H2O (fast equilibrtion) 
├O-Fe+ (θ2) + H+ → Fe(OH)2+(aq) (rate determining step, k1) 
Fe(OH)2+ + H+ Fe3+(aq) + H2O (fast equilibration in solution) 
Rate = RFe = k1[H+] 
5 FeOOH in acidic chloride media (Cornell et al., 1976) 
├O-Fe-OH (θ1) + Cl-  ├O-Fe-Cl (θ2) + OH- (fast equilibration with chloride)  
OH- + H+ = H2O (fast reaction in solution) 
├O-Fe-Cl (θ2) + H+ → Fe(OH)Cl+(aq) (rate determining step) 
Fe(OH)Cl+(aq) + H+ → FeCl2+ +H2O (fast reaction in solution) 
Rate = RFe =  k1Kθ2[Cl-][H+]/{1+K[Cl-]} 
Rate = RFe =  k1Kθ2[Cl-][H+] (low chloride i.e. 1>>K[Cl-]) 
Rate = RFe =  k1θ2[H+] (high chloride i.e. 1<<K[Cl-]) 
6 Fe3O4 in aqueous SO2 (Byerley et al., 1979) 
├O-Fe+(θ2)  + H2O ├O-Fe-OH(θ3)  + H+  
├O-Fe+(θ2)  + SO2 ├O-Fe-SO2+(θ3)   
├O-Fe-SO2+(θ3)  + H+ ├O-Fe-SO2H(θ4)  + H2O  
├O-Fe-SO2H(θ4)  → O-Fe-SO2H+(aq) (= FeHSO3+) (rate determining step)* 
7 FeOOH in weakly acidic SO2 (Senanayake, 2003) 
├O-Fe-OH (θ1) + H+  ├O-Fe+ (θ2)  + H2O (surface protonation) 
├O-Fe+(θ2)  + H2O + SO2 ├(OH)Fe2+.HSO3-(θ3)   (surface adsorption of SO2 
├O-Fe+(θ2)  + H+ + HSO3- ├(OH)Fe2+.HSO3-(θ3)    or H+ & HSO3-) 
HSO3-  → HSO3 + e- (anodic reaction) 
├(OH)Fe2+  + H+ + e- →├ + Fe2+ + H2O (cathodic reaction) 
├(OH)Fe2+.HSO3-(θ3) →├ + Fe2+ + HSO3 + H2O (rate determining reaction) 
2HSO3 → H2S2O6 → H+ + HSO4- + SO2 (disprportionation of dithionate) 
Rate = RFe = k[H+]0.5[HSO3-]0.5  (electrochemical rate expression) 
8 Fe3O4 in aqueous SO2 /Cu2+(Byerley et al., 1979) 
SO2 + H2O  HSO3- + H+ 
Cu2+ + HSO3-  Cu+ + HSO3 (2HSO3  H2S2O6) 
├O-Fe+(θ1)  + H2O ├O-Fe-OH(θ2)  + H+  
├O-Fe-OH(θ2)  + Cu+ → ├O-Fe-OH.Cu+ (rate determining step)* 
├O-Fe-OH.Cu+ → ├O + Fe2+ + CuOH+  















9 MnO2 in acidic sulphate media with Fe(II)(Agladze & Shengiliy, 1983) 
├MnO2 (θ1)  + Fe2+ ├MnO2.Fe2+ (θ2)  (fast equilibration) 
├MnO2.Fe2+ (θ2) + H+ → ├MnOOH (θ3)  + Fe3+ (rate determining step, k1) 
├MnOOH + 3H+ + Fe2+ = Mn2+ +Fe3+ + 2H2O (fast surface reduction)  
Rate = RMn =   k1K[Fe2+][H+]/{1 + K[Fe2+]}  
Rate = RMn =   k1K[Fe2+][H+] (low [Fe2+] i.e.  1>>K[Fe2+]) 
Symbols and terms: θ = fraction of surface involved in equilibrium or reaction, [i] = 
concentrations of i, ai = activity of i, K = equilibtium constant, * rate expressions not 
















Table 13. Reaction orders for oxide leaching  
Acid /Reductant Oxide Reaction order Reference 
HCl FeOOH {aH+}1{aCl-}1 Surana and Warren, 
1969 
HCl FeOOH {aH+}1 
 
Surana and Warren, 
1969 
HClO4 FeOOH [H+]1 Cornell et al., 1976 
HCl+NaCl FeOOH [H+]1[Cl-]1  
or [H+]1 at high [Cl-] 





Majima et al., 1985 
H2SO4 or HCl Fe3O4 {aH+}0.85-1.0 
 
Lu and Muir, 1986 
SO2  [SO2]1 Warren & Hay, 1975 
HEDPA with 









SO2 FeOOH [H+]0.5[SO2]0.5  Kumar et al., 1993  
SO2 CoFeOOH [SO2]0.94  Co leaching from data in Table 9  





Byerley et al., 1979 
H2SO4 / SO2 FeOOH [H+]0.5[HSO3-]0.5  Fig. 6b 








MnO2 [Fe(II)]1 (<0.01 mol dm-3) Koch, 1957 
MnO2 [Fe(II)]0.85 (<0.02 mol dm-3) Majima et al., 1981 
MnO2 [Fe(II)]0.95 (pH 1.4-1.8) Agladze and 
Shengiliye, 1983 MnO2 [H+]1 pH 1.5-2.5 
MnO2 [H+]0.5[Fe(II)]0.5 Tekin and 
Bayramoglu, 1993 
SO2 MnO2 [H+]0.5[SO2]0.5-0.6 (pH 2) Miller and Wan, 
1983 
0.003-0.3 SO2 MnO2 [SO2]0.7 (pH 1-2) Herring and Ravitz, 
1965 









[H+]1 Nazemi et al., 2011 
FeCl2 Ore-A 
 
[Fe(II)]0.8 (pH 1.6-2.3) 
Co leaching 
This work 
















Table 14. Anionic speciation in SO2 - H2SO4 solutions  
 





















0 0.1 0.087 132 - 0 6.6 - - 1.88 
1 0.1 ~0.1 2 0.999 1.35 502 2 x 10-4 0.099 ~0 
3 0.1 ~0.1 0.7 2.999 1.35 1504 2 x 10-5 0.033 -0.5 
1 0 0 0 0.999 1.35 - 0 0 ~0 
1 0.01 0.01 0.2 0.999 1.35 502 2 x 10-5 0.01 ~0 
1 0.05 0.05 1 0.999 1.35 502 1 x 10-4 0.05 ~0 
1 0.1 0.1 2 0.999 1.35 502 2 x 10-4 0.099 ~0 


























Meta extraction % 
Ni  Co Mn Fe 
none SO2 0 0.5 18.4 84.6 80.5 <1 
6 22.8 88.6 84.6 7.02 
H2SO4 none 0.72 0.5 19.1 12.2 19.5 12.3 
6 44.7 28.5 39.8 42.1 
H2SO4 SO2 0.72 0.5 36.9 94.3 95.9 23.5 
6 85.9 98.4 98.4 84.2 
HClO4  
SO2 
1 6 75.3 95.0 92.0 75.4 
H2SO4 0.72 6 85.2 98.0 - 84.1 
HCl 1 6 92.0 98.0 98.0 91.5 
HClO4 SO2  
and Cu(II) 
1 6 90.0 98.0 99.0 93.5 
H2SO4 0.72 6 98.0 99.0 99.0 98.0 
HCl 1 6 91.0 99.0 95.0 92.1 
















Table 16. Effect of acid, Cu(I), Cu(II) and solution potential on the rate of iron 
dissolution from a magnetite disc in chloride media  
Acid/chloride  
mol  dm-3 
Copper  




mmol m-2 min-1 
Acidc NaCl Cu(I) Cu(II)a Fe3O4d Solutione AAS CD 
Results in the absence of copper 
1.0 3.0 - - 0.66-0.69 - 0.19  
2.0 2.0 - - - 0.69 0.46f  
1.0g - - - - 0.63 0.30f  
Results in the presence of copper 
  - 0.1 0.70-0.75 - 0.09  
  0.2 yes 0.64 - 1.3  
  0.2 yes 0.60 - 2.7  
  0.2 yes 0.58 - 4.5 ≤6.6 
  0.2 yes 0.56 - 7.8 8.4 
  0.2 - 0.48 - 64.2 66 
0.1 3.9 0.1 - - 0.48 5.34f  
1.0 3.0 0.1 - - 0.48 62.4f  
Data from Lu and Muir (1986) 
a. Potential increased with increasing Cu(II) addition 
b. Rate of Fe dissolution at 400 rpm and 25oC unless stated otherwise, measured 
using solution analysis (AAS) or current density (CD) of the electrode 
c. HCl unless stated otherwise 
d. Measured on Fe3O4 disc 
e. Measured on a Pt electrode immersed in solution,  
f. 100 rpm 



















Table 17. Effect of acid dosage and reducing agents on metal leaching from a smectite 
ore. 
Acid  Reducing agent 
Acid 
kg/t ore 
Meta extraction % 






0 16.1 59.6 67.9 10.1 
400 71.7 91.6 91.6 54.2 
500 81.9 93.2 93.7 65.4 







0 23.6 75.4 81.7 22.4 
400 77.4 94.9 96.0 68.8 
500 86.8 97.3 96.7 77.6 
600 94.5 96.7 95.5 83.0 (43.1) 
600b 92.8 95.6 - 83.6 (48.0) 
600c 96.2 96.7 - 78.0 (33.3) 
25% solids (w/v), 90oC, SO2 ~0.45  dm3 min-1, 10 h (Das & de Lange, 2011);  

















Table 18. Apparent rate constants for a shrinking core model for limonite leaching 





105 kap  (s-1) (Eq. 6)b 




10 0.18 0.6 0.15 - 
B 10 0.36 0.6 0.33 - 
C 10 0.72 0.6 2.7 - 




0.25 1.0 0 4.0c 8.0c 
F 10 0.72 0 0.33 0.61 
Gd 30 5/1d 0 - 18.7d 
He H2SO4 S/L= 1/3 10%(v/v) 0 - 70e,f 
Je H2SO4 S/L= 1/3 10%(v/v) 0 - 150e 
(a) 90oC unless stated otherwise 
(b) From Senanayake and Das (2004) unless stated otherwise 
(c) This work (Fig.17) 
(d) Georgeou and Papangelakis (1998), 230oC, 30% solids and concentrated acid/ore 
ratio of 5/1. 
(e) From lizardite rich saprolyte (see Fig. 18d),  in 10% (v/v) H2SO4 at a S/L ratio of 1/3 

















 FeOOH leaching kinetics are controlled by a surface reaction 
mechanism via H+ adsorption.  
 Fe/Ni leaching from laterite obeys shrinking core model due to H+ 
diffusion through a porous layer. 
 SO2, Na2S2O4, SO2/Cu(II), Fe, FeSO4, and FeCl2 enhance metal 
leaching from laterite. 
 Linear correlations between % metal extractions show co-existence of 
Fe-Ni and Co-Mn. 
 Faster rates in HCl than H2SO4 shows enhanced H+ activity and metal-
chloride complexation. 
 
 
 
